However, H2A.X phosphorylation at serine 139 corre-H2B at S14 in vitro and in vivo, and the onset of H2B lates with double-stranded DNA breaks induced by nu-S14 phosphorylation is dependent upon cleavage of merous stimuli, suggesting that this mark acts more as Mst1 by caspase-3. These data reveal a histone modifia DNA-damage sensor rather than an event specifically cation that is uniquely associated with apoptotic chrolinked to the apoptotic process. In mammalian cells, the matin in species ranging from frogs to humans and only core histone modification that has been uniquely provide insights into a previously unrecognized physiassociated with apoptosis is histone H2B phosphorylaological substrate for Mst1 kinase. Our data provide tion. While earlier work showed that H2B phosphorylaevidence for a potential apoptotic "histone code." tion occurs at the N-terminal tail, the specific sites of phosphorylation were not known (Ajiro, 2000; reviewed Introduction in Cheung et al., 2000). Furthermore, H2B phosphorylation and the H2B, but not other histones, amino-terminal Apoptosis is an active process of cell death important for tail is essential for chromatin condensation in Xenopus normal development and homeostasis in multicellular cell-free systems (de la Barre et al., 2001). These data organisms. Formation of pycnotic and condensed chroare consistent with the idea that H2B phosphorylation matin bodies and digestion of DNA into oligonucleosomay be important for apoptotic chromatin condenmal fragments are hallmarks for apoptosis sation. Wyllie et al., 1980 Wyllie et al., , 1984 . At present, the biochemical Here, using a new phosphospecific antibody (hereafand molecular mechanisms for these nuclear events are ter referred to as ␣-Phos (S14) H2B), we demonstrate unclear, whereas upstream cytoplasmic pathways (inthat H2B S14 phosphorylation specifically correlates with the onset of apoptosis in human HL-60 cells. This correlation extends to cells undergoing programmed
kDa H2B S14 kinase as the caspase-cleaved form of S14 phosphorylation positive cells also contain DAPIdense bodies and show TUNEL staining, hallmarks of Mst1 (mammalian sterile twenty). Furthermore, H2B S14 phosphorylation is not dependent on caspase-activated apoptosis ( Figure 1E ). Hence, these data demonstrate that histone H2B phosphorylation at S14 is associated DNase (CAD) suggesting that this modification is associated with the apoptotic chromatin condensation pathwith condensed apoptotic chromatin in multiple mammalian cell lines. way. Collectively, these studies define what may be an apoptotic histone code conserved among vertebrates and cast new light on physiological substrates of Mst1 H2B (S14) Phosphorylation Is Increased during kinase.
Programmed Cell Death at Xenopus laevis Tail Resorption To determine whether H2B (S14) phosphorylation is asResults sociated with apoptosis in a more physiological model, we examined this histone modification in a Xenopus Phosphorylation of H2B at S14 Is Strongly Induced laevis system where programmed cell death is well charin HL-60 cells Undergoing Apoptosis acterized and where serine 14 is conserved in the H2B Previously, in vivo labeling studies showed that H2B sequence ( Figure 2A Degenerating tails from stage 64 froglets were examined Preliminary phosphoamino acid analyses suggested by immunofluorescence using ␣-Phos (S14) H2B antithat serine 14 (S14) of H2B was a potential site of phosbody. Pockets of apoptotic cells in the tail were stained phorylation during apoptosis (Ajiro, 2000; K. Ajiro, un-( Figure 2B , middle image); these colocalize precisely published data). Hence, we generated a site-specific, with the Hoechst-dense apoptotic condensed nuclei H2B S14 phosphospecific antibody (␣-Phos (S14) H2B) ( Figure 2B , left and right images). These data indicate to examine the phosphorylation status at this site during that H2B S14 phosphorylation also occurs in apoptotic apoptosis (see Supplemental Figure S1 available at http:// cells during normal Xenopus development. www.cell.com/cgi/content/full/113/4/507/DC1 for demonstration of antibody specificity). A human leukemia cell line, HL-60, was treated with either etoposide Nuclear Extracts from Apoptotic Cells Contain a 34 kDa H2B Kinase that Is the Caspase-Cleaved (VP16) or UV to induce apoptosis, and histones were then isolated by acid extraction and examined by West-
Form of Mst1
To search for the kinase responsible for H2B S14 phosern blotting using ␣-Phos (S14) H2B. As shown in Figure  1A , the H2B phosphorylation signal was strongly enphorylation, we first determined that apoptotic nuclear extracts contain an H2B S14 kinase activity by in vitro hanced by VP16 and UV treatment. To confirm that apoptosis had been induced, DNA was extracted from paralkinase assays and Western blotting with ␣-Phos (S14) H2B (data not shown; see Supplemental Figure S3 availlel samples. The appearance of a DNA ladder indicative of apoptotic DNA fragmentation coincides with the onable at http://www.cell.com/cgi/content/full/113/4/ 507/DC1). We then used an in-gel kinase assay to deterset of H2B S14 phosphorylation ( Figure 1B) ; therefore, these data demonstrate that the two events could be mine the molecular weight(s) of potential apoptotic H2B kinases in apoptotic nuclear extracts. Using either H2B linked.
To confirm that phosphorylation of H2B at serine 14 or mixtures of core histones (data not shown) as substrates, we assayed for apoptotic-induced proteins that occurs specifically in apoptotic cells, VP16-treated HL-60 cells were examined by immunofluorescence microshave H2B kinase activity. In addition to the several bands that were found in both H2B-containing and the "no copy with ␣-Phos (S14) H2B immunostaining ( Figure 1C ). This antibody only stained apoptotic cells and strikingly, substrate" gels (likely due to autophosphorylation), one band that had an apparent molecular weight of ‫43ف‬ kDa the majority of the ␣-Phos (S14) H2B signal was found localized to characteristic apoptotic chromatin bodies was consistently detected in the H2B-containing gel only (Figure 3 , arrow, lane 6, and data not shown). This identified by DAPI staining (see downward arrows in Figures 1C and 1D ). In contrast, control histone antibodband was only found in the apoptotic extracts, and therefore, this 34 kDa protein is likely the apoptoticies, such as the mitotic H3 phospho (S10) antibody, do not stain the apoptotic nuclei (data not shown; Hendzel specific H2B kinase (hereafter called 34H2BK).
A search of the literature for kinases known to be et al., 1998). Also, ␣-Phos (S14) H2B failed to stain condensed mitotic chromosomes, suggesting that these activated in the apoptotic pathway showed that Mst1 (mammalian sterile twenty) is a caspase-activated Ser/ distinct histone phosphorylation modifications are associated with different biological events (Supplemental ure 3, lanes 7 and 8), with an apparent molecular weight nase elution profiles from "apoptotic" and "normal" nuclear extracts revealed that fraction 18 of the apoptotic that was similar, if not identical, to the apoptotic-induced H2B kinase (arrows). extract was significantly enriched in H2B S14 kinase activity compared to the same fraction from mockTo further purify the apoptotic-induced H2B kinase, we fractionated the apoptotic nuclear extract using sizetreated extracts (Supplemental Figure S4A and S4B available at http://www.cell.com/cgi/content/full/113/4/ exclusion chromatography. Examination of the H2B ki-507/DC1; see downward arrows). Using an antibody specific to Mst1 for Western blot analyses and an ingel kinase assay, we found that only fraction 18 from breaks, induced by VP16, occur early during the apo-S14 phosphorylation during apoptosis, the kinetics of ptotic pathway. Since H2B S14 phosphorylation occurs both events should be similar. To determine the time later than H2A.X phosphorylation, but before (or concurcourses of these events, HL-60 cells induced to undergo rent with) other well-known apoptotic markers, these apoptosis with VP16 were harvested at half-hour interdata suggest that H2B phosphorylation is not simply vals for Western blot analyses. Significantly, time course associated with DNA breaks. Rather, H2B phosphorylaanalyses (probing Western blots with ␣-Phos (S14) H2B tion appears to be associated with a distinct aspect of and ␣-N-Mst1) indicated that the onset of H2B phosapoptosis. In addition, since H2B acetylation at lysines phorylation coincided with the initial appearance of cas-12 and 15 is not changed, the increase of H2B S14 pase-cleaved Mst1 at 2 hr postinduction ( Figure 5A , phosphorylation as detected by antibody staining is not arrow). As additional markers for apoptosis, identical due to a decrease in acetylation at nearby residues. blots were probed with ␣-PARP (poly (ADP-ribose) polymerase), which is cleaved as cells undergo apoptosis (reviewed in Duriez and Shah, 1997), and genomic DNA H2B S14 Phosphorylation and Cleavage of Mst1 
viewed in Grutter, 2000; Earnshaw et al., 1999). To test chromatin condensation when overexpressed in HeLa cells (Lee et al., 2001). In contrast to Lee et al. (2001), this prediction, HL-60 cells were preincubated with varywe detected Mst1 FL mostly in the cytoplasm, and this ing amounts of z-DEVD-fmk prior to treatment with VP16
form did not induce apoptotic phenotypes. As expected, for 4 hr and cell extracts were harvested for Western we also found the same result using Mst1 KD (data not analyses. As shown in Figure 5C, incubation with 200 shown). Whereas none of the Mst1 FL or KD positive M z-DEVD-fmk inhibited both Mst1 cleavage (see cells contain any significant H2B S14 phosphorylation arrow) and H2B S14 phosphorylation. At a lower dose signal ( Figure 6D ), Mst1 ⌬C was primarily localized in (20 M z-DEVD-fmk), we observed only a modest dethe nucleus and 20%-40% of the Mst1 ⌬C expressing crease in the proportion of truncated Mst1 (see arrow) cells are shrunken and become apoptotic as confirmed over full-length Mst1 (see star) and H2B phosphorylation by TUNEL assays ( Figure 6E ). Furthermore, 10%-35% still occurred. These data demonstrate that H2B S14 of the Mst1 ⌬C positive cells contain H2B S14 phosphorphosphorylation, like cleavage of Mst1 itself during apoylation ( Figures 6A and 6D ). Since 90%-95% of H2B ptosis, is dependent on caspase-3. S14 phosphorylation positive cells were TUNEL positive ( Figure 6F ), we concluded that Mst1 ⌬C is sufficient to Mst1 ⌬C Can Phosphorylate H2B In Vivo induce H2B S14 phosphorylation and apoptosis in the Next, we sought to determine if Mst1 could phosphorysame cell. late H2B when expressed in cells without apoptotic inTo determine if the above effect was due to the kinase ducers. FL, KD, and ⌬C (Mst1 amino acids 1-330, a activity of Mst1 ⌬C, we made a point mutation (lysine C-terminal truncation mimicking the caspase-cleaved 59 to arginine; K59R) that abolishes the kinase activity form) versions of myc-tagged Mst1 were transfected as measured by in vitro kinase assay ( Figure 6C ). The into HeLa cells, and immunofluorescence was perMst1 ⌬C K59R mutant did abolish the effect Mst1 ⌬C formed using ␣-Phos (S14) H2B, and ␣-myc. It has been had on the formation of shrunken cells and the increase in H2B S14 phosphorylation ( Figures 6B and 6D) , sugshown recently that Mst1 can induce apoptotic-like gesting that the kinase activity for H2B is important for tion pathway, we used CAD Ϫ/Ϫ (caspase-activated DNase) chicken cells that are defective in DNA fragmeninducing apoptosis. Furthermore, the data suggest that the caspase-cleaved form of Mst1 is able to phosphorytation but still undergo chromatin condensation. Chicken DT40 WT and CAD Ϫ/Ϫ cells were treated with late H2B at S14 in vivo. 10 M VP16 and were then immunostained with ␣-phos (S14) H2B; the DNA was counterstained with DAPI. As H2B S14 Phosphorylation Is Not Dependent on DNA Fragmentation but Instead Correlates the apoptotic program progresses (from top to bottom images in Figure 7 ), the H2B S14 phosphorylation level with Apoptotic Chromatin Condensation To determine if H2B phosphorylation is involved in the increases and the phosphorylated H2B colocalizes to the DAPI-dense regions. Interestingly, in early apoptotic apoptotic DNA fragmentation or chromatin condensa- A and B) , H2B S14 phosphorylation increases and it colocalizes to the DAPI-dense regions. In CAD Ϫ/Ϫ cells (B), DNA fragmentation is defective while chromatin condensation still occurs. H2B S14 phosphorylation colocalizes to the DAPI dense regions in CAD Ϫ/Ϫ cells suggesting that this modification is closely linked to the chromatin condensation event during apoptosis. The increase of H2B S14 staining in CAD Ϫ/Ϫ nucleus and some cytoplasmic staining in some cells were observed and the significance of these is unclear. cells, H2B S14 phosphorylation staining is more extenMst1 Governs H2B S14 Phosphorylation in a Pathway Known to Induce Apoptotic-Like sive than the DAPI-dense region, suggesting that H2B S14 phosphorylation might precede the condensation Chromatin Condensation Mst1 is known to cause apoptotic-like chromatin conevent. Interestingly, H2B S14 staining in the CAD Ϫ/Ϫ nucleus is higher than in the WT nucleus, but the signifidensation and induce apoptosis under some experimental conditions ( ticipate in a previously unrecognized apoptotic function SDS-PAGE was done as described (Laemmli, 1970) . For in-gel that is conserved from yeast to man.
kinase assays, 10%-12% SDS-PAGE gels contained 0.1 mg/ml chicken core histones or 0.1 mg/ml purified chicken H2B. In-gel assays were performed as essentially described in Sassone-Corsi 
Conclusion and Perspective

